The diagnostic criteria for acute erythroid leukemia have been controversial since this disease was initially described. Using the current World Health Organization classification criteria, we retrospectively reviewed cases of acute myeloid leukemia or myelodysplastic syndrome in which erythroid precursors were Z50% of the bone marrow nucleated cell population and the diagnosis of erythroleukemia was considered using older classification schemes. We collected 90 cases and separated them into four diagnostic groups: acute erythroid leukemia, erythroleukemia or erythroid/myeloid type (n ¼ 20); acute myeloid leukemia with myelodysplasiarelated changes (n ¼ 22); therapy-related acute myeloid leukemia (n ¼ 32); and refractory anemia with excess blasts and preceding or concurrent history of erythropoietin therapy for anemia (n ¼ 16). Patients with acute erythroid leukemia were the youngest patient group and had the best overall survival. There was a statistically significant difference in overall survival between patients with acute erythroid leukemia versus acute myeloid leukemia with myelodysplasia-related changes (P ¼ 0.003) and between patients with acute erythroid leukemia versus therapy-related acute myeloid leukemia (Po0.0001). The presence of complex cytogenetic abnormalities (43) was the only statistically significant independent variable that adversely affected survival in the acute erythroid leukemia group. Monosomy 5/del(5q) and monosomy 7/del(7q) were overrepresented in the context of complex chromosomal abnormalities. Our data suggest that acute erythroid leukemia, as currently defined in the World Health Organization classification, has become a rare disease. A majority of the cases reported previously as erythroleukemia are now classified as other entities. In addition, our data suggest that the current definition of acute erythroid leukemia, erythroleukemia type remains heterogeneous. One subset of acute erythroid leukemia patients has relatively low blast counts and are diploid. The prognosis of this patient subset is relatively good. The other subset has cytogenetic abnormalities similar to those in myelodysplastic syndromes and a poor prognosis.
Since its inception almost a century ago, the definition and prognosis of patients with leukemia of erythroid lineage has been controversial. Copelli, in 1912 , was the first to describe 'erythromatosis'. 1 In 1917, Di Guglielmo described, under the designation 'erythroleukemia', a patient with proliferation of abnormal immature erythroid cells, myeloblasts and megakaryocytes. In 1923, he defined 'acute erythremia'-a pure erythroid proliferation analogous to acute leukemia. Di Guglielmo continually stressed the 'purity' of the disorder as 'an autonomous pathologic entity' of the erythropoietic tissue. 2 In 1940, Moeschlin definitively established the term 'erythroleukemia'. 3 In 1958, Dameshek and Baldini suggested the term 'Di Guglielmo syndrome' to encompass all aspects of erythroleukemia and to honor their colleague. They suggested that erythroleukemia passed through several stages: (1) a predominantly erythroblastic proliferation in the bone marrow; (2) a mixed erythroblastic-myeloblastic process; and (3) a predominantly myeloblastic neoplasm. They also stressed that Di Guglielmo syndrome is a proliferative disease of the bone marrow, thus suggesting the modern concept of a stem cell disorder. 2 In 1969, Dameshek further developed the concept of erythroleukemia as 'a self-perpetuating, myeloproliferative disorder of undetermined origin characterized by progressive anemia; striking erythroblastic hyperplasia of megaloblastic, megaloblastoid or normoblastic types; and the gradual development of increasing number of myeloblasts' with frequent eventual progression to erythroleukemia and subsequently acute myeloid leukemia. 4 Others also used the term 'Di Guglielmo disease' specifically for the disease first described by Di Guglielmo as 'acute erythremia'. 5 Concomitant with development of the concept of erythroleukemia, it became known that erythroleukemia could be accompanied by multilineage dysplasia. 6, 7 Erythroleukemia was also shown to be characterized by various cytogenetic abnormalities without any consistent pattern, including aneuploidy (monosomies and trisomies) and complex chromosomal karyotypes. 8, 9 In 1969, Heath et al 10 confirmed the tendency of erythroleukemia toward hypodiploidy and, on the basis of similar cytogenetic abnormalities, suggested that erythroleukemia is a variant of acute myeloid leukemia. The French-American-British Cooperative Group initially sought to avoid confusion between erythroleukemia, which they designated as M6, and other megaloblastic and dyserythropoietic states, by setting the overall percentage of myeloblasts and promyelocytes at 30% of all nucleated bone marrow cells. 11 In 1985, the criteria for erythroleukemia were revised to require that at least 30% of nonerythroid cells be type I and type II blasts, and cases in which blasts made up o30% of nonerythroid cells were diagnosed as a myelodysplastic syndrome. 12 The rationale behind the changing the calculation of the myeloblast percentage from that of total nonerythroid bone marrow cells was largely arithmetical: in cases in which erythroid precursors accounted for 470% of the bone marrow cellularity, it was impossible to establish the diagnosis of acute leukemia because blasts represented o30% of total bone marrow cells.
The 2001 World Health Organization classification of myeloid neoplasms incorporated all known aspects of these diseases including morphology, immunophenotype, genetic data and clinical features. 13 In this classification, acute erythroid/myeloid leukemia or acute erythroleukemia was defined as acute myeloid leukemia in which erythroid precursors represented at least 50% of the nucleated bone marrow cell population with myeloblasts accounting for at least 20% of the nonerythroid cell population. The investigators suggested that cases meeting the criteria for both acute erythroid leukemia and acute myeloid leukemia with multilineage dysplasia should be diagnosed as 'acute myeloid leukemia with multilineage dysplasia, acute erythroid/myeloid type'. 13 In the 2008 update of the World Health Organization classification, 14 neoplasms in which Z50% of the bone marrow cells are erythroid precursors were further clarified, but some aspects of this classification remain unclear. Specifically, cases in which blasts account for fewer than 20% of leukocytes in the peripheral blood and o20% of the nonerythroid cells in the bone marrow are considered myelodysplastic syndrome. However, there remains no consensus as to whether a myelodysplastic syndrome should then be classified on the basis of blast percentage of all nucleated cells, or only nonerythroid bone marrow cells (ie, lymphocytes, plasma cells and megakaryocytes excluded). The current World Health Organization classification also makes acute erythroid leukemia, in part, a diagnosis of exclusion, as cases of acute myeloid leukemia with myelodysplasia-related changes, therapy-related acute myeloid leukemia or acute myeloid leukemia with maturation and increased erythroid precursors, and reactive erythroid hyperplasia after therapy or administration of erythropoietin must be excluded.
In this study, we applied the 2008 World Health Organization classification criteria to erythroid predominant cases of acute myeloid leukemia or myelodysplastic syndrome in our files. In many of these cases, the diagnosis of erythroleukemia or acute erythroid leukemia was suggested or established using older classification systems. Our results show that the current World Health Organization criteria substantially refine and reduce the frequency of acute erythroid leukemia. Nevertheless, cases of acute erythroid leukemia that remain classified as such are heterogeneous, with at least two subsets with different prognosis that correlate with the presence of cytogenetic abnormalities.
Materials and methods

Study Group
We searched the files of the Department of Hematopathology at MD Anderson Cancer Center from 1992 to April 2009. The criterion for inclusion into this study was a diagnosis of acute myeloid leukemia or myelodysplastic syndrome with erythroid predominance (Z50% of nucleated bone marrow cells) at time of initial presentation at our institution. The medical records of each patient were reviewed to obtain data such as age, sex, complete blood count, immunophenotype as determined by flow cytometry, cytogenetic results and molecular data. Cases were excluded if clinical or laboratory data were missing that precluded accurate diagnostic classification. Cases with a history of Janus kinase 2 mutation-positive myeloproliferative neoplasm with increased blasts in either accelerated or blast phase associated with erythroid predominance were also excluded. The Institutional Review Board of MD Anderson approved this study.
Morphologic Evaluation
Wright-Giemsa stained bone marrow aspirate smears and hematoxylin-eosin-stained bone marrow aspirate clot and trephine biopsy sections were reviewed. Bone marrow differential cell counts were performed on all cases. The presence or absence of dysplasia was determined and the percentage of dysplastic erythroid, granulocytic and megakaryocytic precursors in the bone marrow was evaluated as described by Goasguen et al. 15 Bone marrow aspirate smears were evaluated by cytochemical analysis for myeloperoxidase and a-naphthyl butyrate esterase using methods described previously. 16 The criteria of the 2008 World Health Organization classification were used to establish the diagnosis of acute myeloid leukemia.
14 All cases in this study were erythroid rich (450% of bone marrow nucleated cells). The study group was further subdivided into four subgroups as follows: acute erythroid leukemia; acute myeloid leukemia with myelodysplasia-related changes; therapy-related acute myeloid leukemia; and refractory anemia with excess blasts and recent/concurrent history of erythropoietin treatment for anemia. Patients with acute erythroid leukemia met the World Health Organization criteria for acute erythroid leukemia and had no history of myelodysplastic syndrome or therapy for another neoplasm. Patients with acute myeloid leukemia with myelodysplasia-related changes met the criteria for acute myeloid leukemia and either had a history of myelodysplastic syndrome or morphologic evidence of myelodysplasia, or had myelodysplastic syndrome-related cytogenetic abnormalities as specified in the World Health Organization classification. 17 Patients with therapyrelated acute myeloid leukemia had a history of another neoplasm treated with either radiation therapy, chemotherapy or both. 18 Patients with refractory anemia with excess blasts and recent/ concurrent history of erythropoietin treatment for anemia did not meet World Health Organization criteria for acute myeloid leukemia and had a known history or were on therapy with erythropoietin at time of bone marrow examination.
Flow Cytometry Immunophenotyping and Conventional Cytogenetics
Three-or four-color flow cytometry immunophenotypic analysis was performed on bone marrow aspirate specimens using a FACScan or FACSCalibur instrument, as has been described. 16 Antibodies specific for the following antigens were used: CD2, CD3 (surface and cytoplasmic), CD5, CD7, CD10, CD13, CD14, CD15, CD19, CD20, CD33, CD34, CD38, CD41, CD45, CD56, CD64, CD117, HLA-DR, myeloperoxidase and terminal deoxynucleotidyl transferase. Blasts were gated for analysis using CD45 expression and light side scatter characteristics. Blasts were considered positive for a given antigen if positive cells constituted at least 20% of the blast population as compared with isotype control.
Conventional cytogenetic analysis was performed on bone marrow aspirate specimens using standard Giemsa trypsin G-banding procedures as described previously. 19 The karyotypes at the time of initial diagnosis were classified as diploid, simple (r3 cytogenetic abnormalities) or complex (43 cytogenetic abnormalities). Genomic DNA was extracted from fresh bone marrow aspirate specimens or archival paraffinembedded tissue blocks. The fms-like tyrosine kinase 3 gene was assessed for internal tandem duplication and codon 835-836 point mutations in the activation loop of the tyrosine kinase domain by polymerase chain reaction assays followed by capillary electrophoresis. 20 The forward primers were labeled with 6-carboxyfluorescein. For codon 835-836 point mutation analysis, polymerase chain reaction products were digested with EcoRV. In unmutated cases, digestion creates two fragments, of which the 80-bp fragment is labeled. In mutated cases, a 129-bp fragment is detected.
Detection of Fms
To detect Janus Kinase 2 mutations, exon 14-F (5 0 -GGACCAAAGCACATTGTATCCTC-3 0 ) and exon 14-R (5 0 -GGGCATTGTAACCTTCTACTT-3 0 ) were amplified by polymerase chain reaction according to standard protocols. The resulting 400-bp polymerase chain reaction product was purified by using the Qiagen polymerase chain reaction Purification Kit. Quantitative allele-specific suppressive polymerase chain reaction was performed on the purified 400-bp polymerase chain reaction product by using a sequence detection system 7000 platform (Applied Biosystems) as previously described. 21 Sequence analysis of exons 8 and 17 of the v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog (C-KIT) gene was carried out on genomic DNA extracted from bone marrow aspirate samples according to previously reported. 21 Polymerase chain reaction-based DNA pyrosequencing of v-Ki-ras2 Kirsten rat sarcoma viral oncogene homolog (K-ras-2) and neuroblastoma RAS viral (v-ras) oncogene homolog (N-ras) was conducted in separate reactions for exon 1 (including codons 12 and 13) and exon 2 (including codon 61) as described previously. 21 
Statistical Analysis
Median age and peripheral blood and bone marrow indices were calculated. The Kaplan-Meier method was used to calculate survival fractions of each group. The log-rank (Mantel-Cox) test was used to compare paired survival curves between all the groups. Cases were stratified by age (r65 or 465 years), evidence of multilineage dysplasia, degree of cytogenetic abnormality (diploid/simple versus complex), sex and evidence of relapse. The Bonferroni method was used to correct a P-value for multiple comparisons of overall survival among four subgroups. Specifically, a conventionally accepted P-value (0.05) was divided by K-value (equal to number of overall comparisons) to compute a Bonferroni corrected threshold. Only P-values that were less than Bonferroni corrected threshold were considered statistically significant.
Results
The study group included 90 cases with erythroid predominance classified originally as a myeloid neoplasm and thought to be consistent with or suggestive of erythroleukemia at our institution. Many of the older cases in this study were initially diagnosed as acute myeloid leukemia M6 type using the French-American-British classification 12 or as acute erythroid/myeloid leukemia using the 2001 World Health Organization classification. 13 Applying the 2008 World Health Organization classification criteria to this group, we recognized four subgroups: 20 cases of acute erythroid leukemia, erythroleukemia or erythroid/myeloid type; 22 cases of acute myeloid leukemia with myelodysplasiarelated changes; 32 cases of therapy-related acute myeloid leukemia; and 16 cases of refractory anemia with excess blasts and recent/concurrent history of erythropoietin treatment for anemia. We also identified two cases of pure erythroid leukemia. These cases were excluded from this study because the slides were not available for one case and clinical data was incomplete for the other patient.
Patient age, sex, complete blood count, bone marrow differential count and survival are presented according to the four subgroups in Table 1 . In all subgroups, the major complete blood count finding at time of diagnosis was pancytopenia with absolute neutropenia. In all subgroups, the bone marrow was hypercellular for age with increased myeloblasts, erythroid predominance and marked depletion of granulocytic precursors. The conventional cytogenetic data for all subgroups are summarized in Table 2 . Blasts in the peripheral blood and bone marrow showed a myeloid immunophenotype by flow cytometric analysis. Aberrant CD7 expression was a common finding in acute myeloid leukemia: 28% of acute erythroid leukemia; 21% of acute myeloid leukemia with myelodysplasiarelated changes; and 32% of therapy-related acute myeloid leukemia. Only 7% of refractory anemia with excess blasts and recent/concurrent history of erythropoietin treatment for anemia cases showed aberrant CD7 expression. The results of molecular genetic analyses are shown in Table 3 .
Acute Erythroid Leukemia
A diagnosis of acute erythroid leukemia, erytholeukemia (erythroid/myeloid) type was made in 20 patients. The median age of patients in this subgroup was 53 years (range, 12 to 76), which was younger than the other three subgroups. The maleto-female ratio was four to one. Anemia and thrombocytopenia were present in all patients. Pancytopenia with absolute neutropenia was present in 14 (70%) patients. Bone marrow was hypercellular for age in 14 (70%) cases. Increased myeloblasts, erythroid predominance and marked depletion of granulocytic precursors were observed in all cases. The blast count ranged from 6 to 37% (median, 16%) of all nucleated bone marrow elements, and was 420% of the nonerythroid elements in every case (range, 21-80%).
Dysplasia was present in all cases ( Figure 1 , Table  4 ). Dyserythropoiesis was present in 15 (75%) cases, with 1 (6%) case having 450% dysplastic erythroid elements. Increased ring sideroblasts (415%) were observed in 7 of 14 (50%) cases with available iron stains. Dysgranulopoiesis was observed in 15 of 17 (88%) cases; 3 remaining cases had too few granulocytic precursors for adequate evaluation. Two cases had 450% dysplastic granulocytic precursors. Megakaryocytic dysplasia was present in 17 of 19 (89%) cases; in 1 case too few megakaryocytes were present for assessment. Eleven cases had 450% dysplastic megakaryocytes. Severe multilineage dysplasia (ie, dysplasia in at least 50% of the cells in at least two hematopoietic lineages was identified in seven cases, four of which showed a complex karyotype.
The karyotype was diploid in 11 of the patients (Tables 2 and 4 ). Nine (45%) patients had an abnormal karyotype: non-complex abnormalities in 4 patients and complex in 5 patients. Unbalanced cytogenetic abnormalities were observed primarily in the setting of a complex karyotype. It is noteworthy that trisomy 8 was observed in the context of noncomplex karyotypes (r3 abnormalities) in three of four cases. One patient who had a diploid karyotype and single (megakaryocytic) lineage dysplasia (67% megakaryocytes) had a distinctive family history. The father had acute leukemia at age 71 years; an uncle had acute leukemia at age 55 years; a cousin had acute leukemia at age 78 years; another cousin developed aplastic anemia at age 54 years; a second cousin had myelodysplastic syndrome at age 70 years; and a cousin had pancreatic carcinoma.
Acute Myeloid Leukemia with MyelodysplasiaRelated Changes
There were 22 patients in this subgroup ranging from 36 to 80 years old, with a median age of 60 years. There was a 1.4:1 male predominance. Six patients had a history of myelodysplastic syndrome from 8 months to 7 years, before the diagnosis of acute myeloid leukemia with myelodysplasiarelated changes. Dyserythropoiesis was observed in 21 (96%) cases, and was present in all 7 (27%) cases of trilineage dysplasia, all 11 (50%) cases of bilineage dysplasia, and in 3 (14%) cases as a single dysplastic lineage. Ringed sideroblasts were documented in one case. One case had no dysplasia in hematopoietic precursors and had a diploid karyotype, but was included in this subgroup based on a history of myelodysplastic syndrome and bone marrow with 420% blasts.
Cytogenetic results at the time of diagnosis were available for 21 patients (Table 5 ). The karyotype was complex in 12 of 21 (57%) cases; unbalanced cytogenetic abnormalities were observed almost exclusively in the context of a complex karyotype. Exceptions included one case of monosomy 7 associated with t(11;21)(q14;q12) and one case of del(20)(q12) associated with trisomy 8. Trisomy 8 was observed in the context of noncomplex karyotypes in two cases.
Therapy-Related Acute Myeloid Leukemia
There were 32 patients with therapy-related acute myeloid leukemia with a median age of 65 years (range, 21 to 78). The male-to-female ratio was two to one (Table 1) . Nineteen patients had a history of a hematolymphoid neoplasm, whereas 13 patients AEL, acute erythroid leukemia; AML-MRC, acute myeloid leukemia with myelodysplasia-related changes; N, normal range; RAEB-EPO, refractory anemia with excess blasts in patient with previous or concurrent erythropoietin therapy; t-AML, therapy-related acute myeloid leukemia.
had a history of a non-hematolymphoid neoplasm. All patients were treated with chemotherapy and/or a combination radiation and chemotherapy, with a mean interval of 7 years before the diagnosis of therapy-related acute myeloid leukemia. Dyserythropoiesis was observed in 30 of 31 (97%) cases evaluated, and was present in all 12 (39%) cases of trilineage dysplasia, in 11 (29%) cases of bilineage dysplasia, and as a single dysplastic lineage in 7 (13%) cases. Ringed sideroblasts were documented in three cases. One (3%) case had dysgranulopoiesis as the only manifestation of hematopoietic dysplasia. Karyotypes were available for all 32 cases (Tables  2 and 6 ). The karyotype was complex in 19 of 32 (59%) cases. Unbalanced cytogenetic abnormalities were observed predominantly in the context of a complex karyotype. Trisomy 8 was observed in the context of complex cytogenetic abnormalities in three of four cases. A diploid karyotype was present in three (9%) cases. AEL, acute erythroid leukemia, not otherwise specified; AML-MRC, acute myeloid leukemia with myelodysplasia-related changes; RAEB-EPO, refractory anemia with excess blasts with preceding/concurrent history of erythropoietin therapy; t-AML, therapy-related acute myeloid leukemia. AEL, acute erythroid leukemia; AML-MRC, acute myeloid leukemia with myelodysplasia-related changes; RAEB-EPO, refractory anemia with excess blasts in patients with previous or concurrent erythropoietin therapy; t-AML, therapy-related acute myeloid leukemia.
Refractory Anemia with Excess Blasts with Preceding/ Concurrent History of Erythropoietin Therapy
There were 16 patients in this subgroup, with erythroid predominance possibly attributable to erythropoietin administration. These patients constituted the oldest subgroup, with a median age of 67 years (range, 58-89). There was a seven to one male predominance (Table 1 ). All patients had a history of myelodysplastic syndrome, from 1 month to 3 years in duration, and were receiving regular injections of erythropoietin or its analog immediately before, or at the time of, bone marrow examination. Dyserythropoiesis was observed in all 16 (100%) cases, present in all 10 (63%) cases of trilineage dysplasia, in 4 (25%) cases of bilineage dysplasia, and as a single dysplastic lineage in 2 (13%) cases. Ringed sideroblasts were documented in one case. Cytogenetic results at the time of the diagnosis were available for all 16 cases (Tables 2 and 7) . The karyotype was complex in 7 of 16 (44%) cases; unbalanced cytogenetic abnormalities were 
Survival and Clinical Follow-Up
Given that the patients did not receive uniform therapy, we only compared the overall survival of the four subgroups. Patients with acute erythroid leukemia had a better overall survival than patients with acute myeloid leukemia with myelodysplasiarelated changes or therapy-related acute myeloid leukemia (P ¼ 0.01 and Po0.0001, respectively; Table 8 , Figure 2 ).
We also analyzed the influence of different variables on overall survival. The only statistically significant variable that adversely affected survival in the acute erythroid leukemia (P ¼ 0.007) and acute myeloid leukemia with myelodysplasia-related changes (P ¼ 0.004) subgroups was the presence of a complex karyotype (Table 9 , Figure 3 ). We also compared overall survival of patients with acute erythroid leukemia without a complex karyotype to that of patients in other subgroups. We found an even more pronounced survival advantage for acute erythroid leukemia patients without complex karyotype when compared with other subgroups (Table 10 , Figure 4 ). In the acute erythroid leukemia subgroup, a comparison of abnormal karyotype (including simple and complex abnormalities) versus diploid karyotype did not correlate with survival. In the therapy-related acute myeloid leukemia and refractory anemia with excess blasts and recent/ concurrent history of erythropoietin treatment for anemia subgroups, there was no statistically significant difference in survival based on presence/ absence of a complex karyotype. In the therapyrelated acute myeloid leukemia subgroup, the type of previous malignancy (hematolymphoid versus solid tumor) did not correlate with survival ( Figure 5 ).
Discussion
The concept and definition of acute erythroid leukemia has evolved substantially over the years.
The most recent update of the World Health Organization classification further specifies the criteria of acute erythroid leukemia, as well as criteria for the new entity, acute myeloid leukemia with myelodysplasia-related changes. 17 The current World Health Organization classification also recognizes therapy-related acute myeloid leukemia. 18 A major goal of this study was to study the effect of the World Health Organization classification criteria on cases that were interpreted previously as acute erythroid/myeloid leukemia, erythroleukemia or acute myeloid leukemia of M6 type using previous classification systems at our institution over the past 17 years. Application of the current World Health Organization criteria lead to re-classification of a considerable number of cases originally diagnosed as erythroleukemia as either acute myeloid leukemia with myelodysplasia-related changes or therapyrelated acute myeloid leukemia. A subset of patients treated with erythropoietin was also reclassified as a myelodysplastic syndrome.
We believe the cytogenetic data in the subgroup of acute erythroid leukemia cases is noteworthy because the data suggest that acute erythroid leukemia as currently defined remains somewhat heterogeneous. The 20 patients of acute erythroid leukemia in this study can be divided into two groups: 15 patients with diploid cytogenetics or non-complex cytogenetic abnormalities and 5 patients with complex karyotypes. The first group of 15 patients is of interest because their clinical course was relatively indolent. The median blast count in this group was 16% of all nucleated cells. The diagnosis of acute erythroid leukemia was established on the basis of erythroid predominance with blasts representing 20% or more of all nonerythroid cells in the bone marrow. However, perhaps the lower 20% cutoff Hematol, post-hematolymphoid neoplasm; solid, post-solid tumor malignancy; t-AML, therapy-related acute myeloid leukemia. used by the World Health Organization classification has had the effect of 'overcalling' some cases of myelodysplastic syndrome as acute erythroid leukemia when there is erythroid predominance. Using the French-American-British classification cutoff for acute myeloid leukemia of 30%, only one case in the acute erythroid leukemia group would have met the criteria for acute erythroid leukemia. This issue has been raised previously by Selby et al 22 and has important implications for therapy of these patients.
AEL: CYTOGENETICS-RELATED
A second group of acute erythroid leukemia cases, five patients with complex karyotypes, probably fits within the spectrum of acute myeloid leukemia with myelodysplasia-related changes. This opinion is based on the presence of multilineage dysplasia in the aspirate smears of four patients and the cytogenetic abnormalities, which were predominantly unbalanced and commonly associated with myelodysplastic syndrome as has been reported in the literature. 23, 24 The presence of complex cytogenetics in these five patients also correlated with an adverse effect on overall survival. However, in all five cases bone marrow blasts were o20% (range, 7-15%) and therefore these cases did not meet the World Health Organization criteria for acute myeloid leukemia with myelodysplasia-related changes. The 20% cutoff, of course, is an arbitrary number and perhaps a complex karyotype should be used to exclude cases from the category of acute erythroid leukemia in the future versions of the World Health Organization classification. The patients with acute erythroid leukemia have some distinctive clinical and biologic features. Patients in this group were younger, their disease had a high frequency of diploid cytogenetics associated with less pronounced dysplasia in hematopoietic elements, and they seemed to follow a more favorable clinical course than patients in the other subgroups. Patients in this subgroup had the highest frequency of relapse (11/20, 55%) . This high relapse rate may be a reflection of responsiveness to chemotherapy. Erythroid predominance was not a feature at relapse in 8 of 11 (73%) patients. In spite of the relapse rate, acute erythroid leukemia patients had a statistically better overall survival than patients in the acute myeloid leukemia with myelodysplasia-related changes and therapy-related acute myeloid leukemia groups. The acute erythroid leukemia subgroup was the only group to show fms-like tyrosine kinase 3 gene abnormalities, and these abnormalities were observed in patients with either diploid or non-complex cytogenetic abnormalities. The high percentage of diploid cytogenetics in the acute erythroid leukemia group suggests that there are cryptic cytogenetic or molecular abnormalities yet to be discovered, which have a role in pathogenesis.
In contrast, patients with therapy-related acute myeloid leukemia and erythroid predominance had the highest percentage of complex cytogenetic abnormalities and the worst overall survival among the four subgroups. The cytogenetic abnormalities in therapy-related acute myeloid leukemia were similar to those observed in the acute myeloid leukemia with myelodysplasia-related changes and refractory anemia with excess blasts and recent/ concurrent history of erythropoietin treatment for anemia groups. The association with complex cytogenetics probably contributes the most to their poor outcome. Overall survival of therapy-related acute myeloid leukemia patients did not correlate with the type of the preceding neoplasm (hematolymphoid versus solid tumor).
We acknowledge that the category of refractory anemia with excess blasts and preceding/concurrent history of erythropoietin therapy used in this study is heterogeneous and not well characterized. We decided to segregate this group because erythropoietin therapy, by increasing erythroid precursors in the bone marrow, complicates the determination of blast counts. As a result of the iatrogenic elevation of the erythroid count, a case of 'true' myelodysplastic syndrome may be overcalled as acute erythroid leukemia after the substraction of erythroid precursors before the blast count. Conversely, a case of 'true' acute myeloid leukemia with myelodysplasia-related changes may be undercalled because of the increased erythroid precursors being included as a denominator in the blast count. In spite of the poor diagnostic definition of the diseases in this category, it is of interest that the median survival was relative poor, 17 months. This may be explained by the high frequency of bi-or trilineage dysplasia and abnormal cytogenetic findings in this group. Fourteen (88%) patients had bi-or trilineage and 13 (81.3%) patients had cytogenetic abnormalities including 11 patients with a complex karyotype. Abnormalities of chromosomes 5 and 7 were also common in patients with cytogenetic abnormalities. In aggregate, these data suggest erythroid predominance combined with obvious morphologic evidence of dysplasia and/or abnormal cytogenetic findings are features of a disease with a poor prognosis. Similar findings are reported by Wang et al. 25 Perhaps the exact blast count or erythroid precursor counts are not critical in the design of a treatment plan for these patients.
In conclusion, in the past leukemias of erythroid lineage designated previously as erythroleukemia, acute myeloid leukemia M6 type, or acute erythroid/ myeloid leukemia were thought to represent 4-5% of all cases of acute myeloid leukemia and to have a poor prognosis. In this study, through rigorous application of the current World Health Organization criteria, we have shown that acute erythroid leukemia is a much more infrequent disease with an overall favorable outcome when compared with acute myeloid leukemia with myelodysplasia-related changes and therapy-related acute myeloid leukemia presenting with erythroid predominance. Furthermore, the category of acute erythroid leukemia as defined in the World Health Organization classification is still heterogeneous. Approximately 75% of cases have diploid or non-complex cytogenetics and an indolent clinical course. The blast count in this group is relatively low, o20% of total nucleated cells in many cases, and perhaps the diagnosis of acute erythroid leukemia in this subgroup leads to a more aggressive therapy than is needed. By contrast, approximately 25% of acute erythroid leukemia cases are associated with complex karyotypes and a more aggressive clinical course, and seem to be closely related to acute myeloid leukemia with myelodysplasia-related changes. The results of this study suggest that the World Health Organization criteria for acute erythroid leukemia may need to be further refined in the next update of this classification. 
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